The geometry, frequency and intensity of the vibrational bands of 8-hydroxyquinoline and its 5,7-dichloro, 5,7-dibromo, 5,7-diiodo and 5,7-dinitro derivatives were obtained by the density functional theory (DFT) calculations with Becke3-Lee-Parr (B3LYP) functional and 6-31G* basis set. The effects of chloride, bromide, iodide and nitro substituent on the vibrational frequencies of 8-hydroxyquinoline have been investigated. The assignments have been proposed with aid of the results of normal coordinate analysis. The observed and calculated spectra are found to be in good agreement.
Introduction
8-hydroxyquinoline (HQ) and its derivatives are well known for their antifungal, antibacterial and antiamoebic activities [1] . 8-hydroxyquinoline (HQ) have been extensively used for the extraction and analytical determination of metal ions [2, 3] . The vibrational spectrum of 8-hydroxyquinoline was also predicted theoretically at different levels of approximation [4, 5] . Recently, Cheatum et al. [6] have investigated excited state dynamics of 8-hydroxyquinoline dimmers, and Li and Fang [7] have carried out a combined CASSCF, density functional theory (DFT) and MP2 study on the ground-and excited-state proton transfer processes of HQ. The inclusion of halogen atoms at the 5th and 7th positions of HQ molecule lead to variation of charge distribution in the molecule and consequently this greatly affects the structure, electronic and vibratinal parameters. Hence, in this study, an attempt has been made to interpret the vibrational spectra of 5,7-dichlorohydroxyquinoline (DClHQ), 5,7-dibromohydroxyquinoline (DBrHQ), 5,7-diiodohydroxyquinoline (DIHQ) and 5,7-dinitrohydroxyquinoline (DNHQ) by applying the density functional theory calculations based on Beck3-lee-Yang-Parr (B3LYP) and 6-31G* basis sets. The experimental observed spectral data of the title compounds are found to be well comparable to that of the spectral data obtained by quantum chemical methods. Theoretical spectra were drown on MS Excel sheet by using the wave numbers and vibrational IR activates to interpret experimental vibrational spectra.
Experimental
8-hydroxyquinoline and its derivatives were obtained as previously described in the literature [8] .
Infrared spectra
The infrared spectra were recorded with a Nicolet Magna 750 FT-IR spectrometer equipped with a room temperature DTGS detector. The spectra of the solid (in the 4000 -400 cm −1 spectral region) recorded in the form of KBr pellets at 2 cm −1 spectral resolution accumulating 128 scans.
Computational details
The molecular geometry optimization, energy and vibrational frequency calculations were carried out with GAUSSIAN 94W software package [9] using the B3LYP functionals [10, 11] combined with standard 6-31G* basis set. The cartesian representation of the theoretical force constants have been computed at optimized geometry by assuming Cs point group symmetry. Scaling of the force field was performed according to the SQM procedure [12, 13] using selective scaling in the natural internal coordinate representation [14, 15] . Transformations of the force field and subsequent normal coordinate analysis including the least square refinement of the scaling factors, calculation of potential energy distribution (PED) and the prediction of IR intensity were done on a PC with the MOLVIB program (version 7.0 -G77) written by Sundius [16, 17] . For the plots of simulated IR, pure Lorentizian band shapes were used with a bandwidth (FWHM) of 6 cm −1 .
The symmetry of the molecules was also helpful in making vibrational assignments. The symmetries of the vibrational modes were done by using the standard procedure [18] of decomposing the traces of the symmetry operation into the irreducible representation. The symmetry analysis for the vibrational modes of the title molecules were presented in some details in order to describe the basis for the assignments. 
Results and discussion

Molecular geometry
The labeling of atoms in HQ, DClHQ, DBrHQ, DIHQ and DNHQ (where N = NO 2 ) is given in Fig. 1 . The calculated structural parameters are given in Table 1 . The DFT level of theory is in good agreement with the X-Ray data [19] The C8-O17 bond length shorter than those observed in the crystal. The elongation of the hydrogen bond is partly related with the large calculated C7-C8-O17 angle.
Analysis of vibrational spectra
The 48 normal modes of HQ, DClHQ, DBrHQ, DIHQ and 60 normal modes of DNHQ are distributed amongst the symmetry species as 3N -6 = 33A(in -plane) + 15A' (out -of -plane) 3N -6 = 41A(in -plane) + 19A' (out -of -plane) Respectively, in agreement with Cs symmetry. Detailed description of vibrational modes can be given by means of normal coordinate analysis (NCA) For this purpose the full set of 67 standard internal coordinates (containing 17 redundances) for DClHQ, DBrHQ and DIHQ, respectively were defined as given in Table 2 . For these, a nonredundant set of local symmetry coordinates were constructed by suitable linear combinations of internal coordinates following the recommendations of Fogarasi and co-workers [14, 15] are summarized in Table 3 . The theoretically calculated DFT force fields were transformed to this later set of vibrational coordinates and used in all subsequent calculations. The detailed vibrational assignment of fundamental modes of HQ, DClHQ, DBrHQ, DIHQ and DNHQ along with calculated IR intensity and normal mode descriptions (characterized by PED) were reported in Tables 4 and 5. For visual comparison,  the observed and simulated FTIR spectra of the title compounds were presented in Figs. 2-6, respectively. Root mean square (RMS) values were obtained in this study using the following expression,
The RMS error of frequencies(unscaled/B3LYP/6-31G*) observed were found to be 73. 48 
Simulation of the calculated vibrational bands
Several functions can be used to define each of the bands in the vibrational spectra. The Lorentzian function is one such function, which describes better peak shape on vibrational spectra. The intensity (I) of the Lorentzian curve as a function of wave number can be given as:
Where υ: wave number, < υ >: average wave number, : peak width at half height, h: peak height. Since the intensity of each peak will equal the peak area under the curve, the total peak intensity (I T ot ) would be given as:
The height of each peak from Eq. (2) above can be found as:
Finally, the calculated spectral curve can be obtaining the IR activity values as the sum of N lorenztian function obtained from N peak:
A proper macro on an Excel work sheet has been prepared based on the above function to draw both experimental and theoretical spectra on the same plot. An easy comparison can be made when both experimental and calculated results can be seen simultaneously on the same graphical representation. Peak width of half height (ω) were taken as 6 cm −1 and the Lorentzian function given above was used to plot the calculated vibrational bands graphically (Figs. 2-6 ).
Vibrational force constant
The output files of the quantum mechanical calculations contain the force constant matrix in cartesian coordinates and in Hartree/Bohr 2 units. These force constants were transformed to the force fields in the internal local-symmetry coordinates. The force field determined were used to calculate the vibrational potential energy distribution among the normal coordinates. The most important diagonal force constants (stretching only) of HQ and its derivatives are listed in Table 4 . The bonding properties of HQ are influenced by the rearrangements of electrons during substitutions. The values of the stretching force constants between carbon-carbon atoms and between carbon-nitrogen atoms in substituted HQ are found to be less than their characteristic values, since chlorine, bromine and iodine are more electronegative and hence the bonded electrons between carbon-carbon atoms and carbon nitrogen atoms are slightly shifted towards the halogen atoms of the title compounds. The values of the stretching force constants between carbon and chlorine atoms of DClHQ are found to be (3.287 × 10 2 and 3.516 × 10 2 N m −1 ) higher than the values of stretching force constant between carbon and bromine atoms in DBrHQ, which are similar to the values of the force constant between carbon and iodine atoms in DIHQ. Since the bromine and iodine atoms are less electronegative than chlorine atoms.
Vibrational spectra
In crystalline state, HQ and it derivatives are planar molecules and exhibits intermolecular OH· · ··N hydrogen bond. Further, the bonding properties of HQ and its derivatives are also influenced by the arrangements of electrons during substitution. The halogen atoms (Cl, Br and I) and NO2 group substituted at the 5th and 7th positions of HQ (see Fig. 1 ) are highly electronegative and hence they withdraw electrons from the neighboring carbon bonds. The properties of HQ and its derivatives discussed below will greatly influence the vibrational spectral data.
OH vibrations
The O-H stretching vibrations are sensitive to hydrogen bonding. The non-hydrogen bonded or free hydroxyl group absorb strongly in 3550 -3700 cm −1 region.
Inter-molecular hydrogen bonding if present would reduce the O-H stretching band to 3200 -3550 cm −1 region [20] . In the present study, a medium broad band was observed at 3386 cm −1 for HQ was assigned to O-H stretching vibrations, which shows that HQ molecule possesses an inter-molecular hydrogen bond in the solid state. This band is also observed at the same wavenumber in the IR spectra of the substituted HQ (see Tables 5, 6 ). According to NCA the in-plane bending vibration was observed at 1479 cm
in agreement with the literature data [4, 5] . 
CN vibrations
In the vibrational spectra of HQ Krishnakumar et al. [4] identify the C-N stretching vibrations at 1286 and 1273 cm −1 , respectively. In this study these vibrations are measured at 1286 and 1339 cm −1 , respectively. According to NCA these bands are strongly mixed with CC (29%) and CO (20%). The C-N stretching are strongly affected by substitution of halogens and nitro group. These bands observed at lower wavelength in IR spectra of DClHQ (1275, 1335 cm −1 ) and DBrHQ (1271, 1331 cm −1 ). Strong wavelength shift was observed in the IR spectra of DIHQ (1268, 1243 cm −1 ), since the iodine atoms are less electronegative than chlorine and bromine atoms. In the IR spectra of DNHQ these bands observed at 1256, 1300 cm −1 , respectively.
CO vibrations
In the IR spectra of HQ the medium band observed at 1222 cm −1 is assigned to C-O stretching. Krishnakumar et al. [4] identify the C-O stretching vibration at 1206 cm −1 , and the in-plane and out-of-plane bending at 575 cm −1 and 465 cm −1 . In this study these vibrations are measured at 542 cm −1 and 465 cm −1 , respectively.
Ring vibrations
The characteristic skeletal modes of semi-unsaturated Carbon-carbon bonds lead to appearance of a group of bands in the 1650 -1450 cm −1 region. In mono-substituted benzene, a change of the dipole moment during stretching modes always occurs and as a result strong to medium intensity bands are expected for aromatic C-C modes. In agreement with the literature data, the medium intensity IR bands at 1623 cm −1 and at 1593 cm −1 in the IR spectra of HQ has been assigned to the ring stretching modes [21] (see Table 5 , 6). The rest of bands are observed at 1579, 1206, 1052, 804 and 491 cm −1 .
Due to substitution with halogens and nitro group these bands appeared in lower frequency region (see Table 5 , 6). These shifts to lower frequencies are due to the changes in force constant/reduce mass ratio, and from different extents of mixing between the ring and substituent group vibrations.
CX vibrations (where X = Cl, Br, I)
Strong characteristic absorptions due to the C-X stretching vibrations are observed in this study. The large frequency shift, have been observed from Cl to I. The C-Cl stretching positions of the band being influenced by the nature of the halid atoms substituted at the 5th and 7th positions of HQ derivatives. The C-Cl stretching vibrations give generally strong absorption in the region 760 -505 cm −1 [22] . Bromine compounds absorb strongly in the region 650 -485 cm-1 due to the C-Br stretching vibrations [23] . The C-I bond gives rise to bands at about 610 -485 cm −1 [24] . In this study, the strong IR bands obtained at 656 and 597 cm −1 for DClHQ have been designated to C-Cl. The C-Br vibration for DBrHQ observed at 562 and 500 cm −1 , while the strong to medium bands observed at 578
and 497 cm −1 in the IR spectra of DIHQ have been assigned to C-I stretching vibrations.
Vibrational coupling with neighboring carbon groups may be resulted into shift in the absorption frequencies of the respective compounds.
NO2 group vibrations
The characteristics group frequencies of nitro group are relatively independent of the rest of the molecule, which makes this group convenient to identify. 
Conclusion
The structural parameters, IR frequencies and intensities of the harmonic vibrational bands of 8-HQ and its 5,7-dichloro, 5,7-dibromo, 5,7-diiodo and 5,7-dinitro analogue were calculated at the DFT level of theory using B3LYP functional and 6-31G* basis set. The role of chloride, bromide, iodide and nitro groups in the vibrational frequencies of the title compounds were discussed. Refinement of the scaling factors applied in this study achieved a weighted RMS deviation of 14 Table 2 Definition of internal coordinates of DClHQ, DBrHQ, and DIHQ.
For numbering of atom see Fig. 1(b) . Tables 5-6 . b The internal coordinated used here are defined in Table 2 . Table 2 .
